The aims of this study was to construct references for sitting height, leg length, arm span, relative sitting height (sitting height/height), and foot length and to discuss the development for these anthropometric variables in achondroplasia. Sex-specific references covering ±2 SD are presented for ages 2-20 years. Legs and arms in achondroplasia are already at 2 years of age considerably shorter than in the general population and this deviation increases with age. At adult ages, legs are almost 50% shorter than in the general population and arm span roughly 35% shorter. As sitting height is only mildly affected, relative sitting height position develops far beyond normal ranges. Foot length is also not as affected as limbs.
The aims of this study was to construct references for sitting height, leg length, arm span, relative sitting height (sitting height/height), and foot length and to discuss the development for these anthropometric variables in achondroplasia. Sex-specific references covering ±2 SD are presented for ages 2-20 years. Legs and arms in achondroplasia are already at 2 years of age considerably shorter than in the general population and this deviation increases with age. At adult ages, legs are almost 50% shorter than in the general population and arm span roughly 35% shorter. As sitting height is only mildly affected, relative sitting height position develops far beyond normal ranges. Foot length is also not as affected as limbs.
K E Y W O R D S
achondroplasia, arm span, body proportion, foot length, GAMLSS, growth, leg length, relative sitting height, sitting height
| INTRODUCTION
Body proportions such as the relation between extremities and trunk is an important characteristic of syndromic growth including skeletal dysplasia. Grossly deviant body proportions due to short limbs are typical for achondroplasia (Horton, Rotter, Rimoin, Scott, & Hall, 1978; Murdoch et al., 1970; Nehme, Riseborough, & Tredwell, 1976; Wynne-Davies, Walsh, & Gormley, 1981) . The constitutionally activating fibroblast growth factor receptor 3 (FGFR3) mutation (Rousseau et al., 1994; Shiang et al., 1994) confers major growth inhibition of the extremities causing disproportional, extreme short stature with an adult height of about 133/124 cm in men/women . A major bodily disproportion is thus a signature for achondroplasia, yet documentation of body proportion development is limited to graphical illustrations of sitting height (Nehme et al., 1976) , upper and lower body segment (Horton et al., 1978) , and upper-to-lower body segment ratio (Hoover-Fong, Schulze, McGready, Barnes, & Scott, 2008) and tabled reference values are not available. The aims of this study was to construct sex-and age-specific references for sitting height, leg length, arm span, relative sitting height (sitting height/ height), and foot length and to discuss the development of body disproportion in achondroplasia. following a standardized measuring technique and measuring protocol (Hall, Allanson, Gripp, & Slavotinek, 2007) . Sitting height was measured (as crown-rump length) in supine position until about 2 years of age. Older children were measured in stretched position while sitting straight on a stool, with back, buttocks and head against the wall looking straight ahead, using a stadiometer (Hyssna Measuring Equipment AB, Hyssna, Sweden). Arm span was taken as the longest distance measured on the wall between finger tips when two observers applied external stretching with the child's back against the wall. Weight bearing foot length measurements were taken with a caliper as longest axis of the foot (Hall et al., 2007) . Relative sitting height (sitting height/height) and leg length (subischial leg length, SILL) were calculated. Related height measurements are descripted elsewhere . Additional measurements from the same observer (L.N.) were available from an earlier study (Hertel et al., 2005) .
| MATERIALS AND METHODS

| Data collection
Diagnosis was made by genetic and/or clinical/radiological investigation.
| Data analysis
All measurements from adults, aged 20-40 years, were regarded as measurements at age 20 years. The growth pattern of each individual was plotted for each variable to identify obvious measuring errors, which were then excluded from the final data set. Additional exclusion criteria were growth-promoting therapy such as growth hormone (all variables, 10 boys/20 girls) or leg lengthening (relative sitting height and leg length, 7 boys/4 girls) and other conditions or medications affecting growth (all variables, 1 boy/3 girls). Measurements from individuals (n = 28) with osteosynthesis eight-plates (Zajonz et al., 2017) applied for correction or prevention of varus or valgus deformity of legs were not excluded. Finally the data set was trimmed for each participant only contributing one measurement to each predefined age group. A summary of all exclusion can be found in Supporting Information Table S1 .
Sex-specific growth references were modeled using Generalized Additive Models for Location, Scale and Shape (GAMLSS) (Rigby & Stasinopoulos, 2005) in R Version 3.2.3. The distribution of each anthropometric variable for age was summarized by three curves:
Box-Cox power transformation (L), the median (M), and the coefficient of variation (S) (Cole & Green, 1992) . Final model choice was based on model fit, evaluated by QQ-plot, as well as appearance.
For comparison to the general population, national arm span, and relative sitting height references from the Netherlands as well as sitting height and leg length references from the UK were used (Dangour, Schilg, Hulse, & Cole, 2002; Fredriks et al., 2005; Gerver & de Bruin, 2011) . Differences are presented in centimeter as well as using standard deviations scores (SDS or z-score) that express a position in the growth curve. Annual increments, that is, the difference between mean values, of both achondroplasia and general population references were calculated and used as an indicator of velocity. 
| Sitting height
Mean with normal ranges for sitting height development for age is shown in Figure 1a and deviation from the general population at selected ages in Table 2 . FIGURE 1 Development of sitting height for age in achondroplasia: (a) Fitted mean ±2 SD sitting height curves for boys (blue) and girls (red). (b) Sitting height position, expressed as SDS relative to UK reference (Dangour et al., 2002) , in boys (blue) and girls (red) developed during first years of life above −1 SDS and decreased only moderately during pubertal ages. Final mean sitting height position was −1.4/−1.0 SDS for male/ female. (c-d) Scatter plot of 627 male (c) and 683 female (d) sitting height measurements (from 161 boys/182 girls) on UK (mean ±2 SD (Dangour et al., 2002) ) reference showing that sitting height during childhood can be above the general population mean. (e) Proportion of children with normal (above −1 SDS), normal but short (between −2 and −1 SDS), and short (below −2 SDS) sitting height showing that the majority of children with achondroplasia remained within normal sitting height ranges. Both sexes were combined since there were no sex differences (data not shown). (f ) Annual increments of sitting height for boys (blue) and girls (red) compared to general population (UK reference [dashed] , UK (Dangour et al., 2002) ; Dutch reference, NL '97 (dotted) (Fredriks et al., 2005) There was a slightly higher sitting height in girls during 13 and 14 years of age reflecting an earlier pubertal start. Spine growth during pubertal ages, that is, increase in sitting height from 12 and 10 years respectively to adult ages, was 12 cm for boys and 13 cm for girls, corresponding to 14 and 15% of total adult sitting height. Variability, expressed as coefficient of variation (CV) developed from 2.8% at 2 years of age in both sexes to 3.7% (male) and 3.2% (female) at adult ages, with a maximum of 4.4% at 16 years and 4.5% at 12 years in males and females, respectively.
The proportion of individuals with normal sitting height decreased with age; sitting height was below −2 SD in only 5% at 6 years of age but in about 20% of adults when only a few retained a sitting height above general population mean ( Figure 1e ).
Growth of the spine, expressed as annual increments of sitting height, was comparable in both sexes and only slightly lower than in the general population ( Figure 1f ). The pubertal peak in boys occurred somewhat later than in peers of normal stature and the pubertal sitting height component, that is, increase in sitting height during pubertal ages, was only 14% of total adult sitting height compared to 17% in males of the general population.
| Leg length (SILL)
Leg length development for age is shown as scatter plot as well as mean with normal ranges in Figure 2a ,b and deviation from the general population at selected ages in Table 2 . Short limbs are typical for achondroplasia and leg length was at 2 years of age already almost 14 cm shorter than in peers of normal height. At 4 years of age, about 50% of final deviation to the general population was reached, which is about 40 cm at adulthood. Annual increments in leg length was about half of that in peers of normal height (Figure 2c ). Expressed as SDS, leg length developed from −7.0 at 2 years of age to −8.0 at 4 years and decreased thereafter gradually by another SDS until 15 years of age ( Figure 2d ). Variation of leg length measure, expressed as CV, fluctuated around 6-7% in boys and 7-8% in girls and was thus larger than for sitting height. Sex differences in leg length became apparent from 8 years of age. At adult ages leg length was only 4 cm longer in males than in females compared to about 8 cm in the general population.
| Arm span
Arm span development for age is shown as scatter plot as well as mean with normal ranges in Figure 3a ,b and deviation from the general population at selected ages in Table 2 . Practically all arm span measurements were performed by the same investigator (L.N.). Arm span was already at 2 years of age almost 14 cm shorter than in the general population and this deviation almost doubled until 5 years of age. At adult ages, arm span was 122/110 cm in male/female; almost 65 cm shorter than in adults of normal height (Table 2 ) and thus creating 35/37% less range of motion. Female arm span developed consistently below that for males although height is generally similar during childhood ages. Sex differences increased during pubertal ages to 12 cm at adult ages. Variation in arm span, expressed as CV, fluctuated between 5 and 7% in both sexes but was consistently higher in girls.
Comparing arm span to height showed that arm span-heightdeficit increased with age to about −11 cm in males and −14 cm in females at adult ages (Table 3 and Figure 3f ). Evaluation of longitudinal data set showed that size of arms and legs were related for an individual and that this relationship increased with age (Supporting Information Figure S1 ).
| Relative sitting height (sitting height/height)
Relative sitting height development for age is shown as scatter plot as well as mean with normal ranges in Figure 4a ,b. Mean relative sitting height was initially equal in both sexes and developed from 71% at 2 years of age, to 69% at 4 years, to 67% at 9 years. Sex differences became visible at school ages and increased during pubertal ages. At 18 years of age and above, relative sitting height was 66/67% male/ female compared to 51.6 and 52.5% in the general population (Figure 4b,c) . Relative sitting height in achondroplasia was almost parallel to but about 15% units above normal population mean, as illustrated in Figure 4e ,f, where outer y-axes are adjusted by 15% units.
Mean values followed each other rather well and also ±2 SD lines were remarkably similar. CV was rather constant at around 2% in this achondroplasia cohort and thus smaller compared to about 3% in Dutch reference material.
| Foot length
Foot length development for age is shown as scatter plot and as mean with normal ranges in Figure 5 . Right foot measurements were Sitting height in achondroplasia differed only marginally from that in the general population (UK) (Dangour et al., 2002) ; deviation increased during pubertal ages. Leg length was already at 2 years of age almost 14 cm shorter than in the general population (UK) (Dangour et al., 2002) . This deviation increased to 40/36 cm in adult males/females. Also arm span was already at 2 years of age almost 14 cm shorter than in the general population (NL) (Gerver & de Bruin, 2011) . This deviation increased to 65/63 cm in adult ages. To what extent inability to fully extend elbows contributes to these arm span values was unclear.
used for the data analysis. All foot length measurements were performed by the same investigator (L.N.). Foot length was generally somewhat shorter in girls than in boys and developed from about 12.9 at 3 years of age to 21.6 cm at adult ages for boys and from 12.4 cm to 19.5 cm for girls. Equivalent mean values from the general population (Dutch) were 15.3 to 27.1 cm for males and 15.1 to 24.5 cm for females (Gerver & de Bruin, 2011) . Foot length in achondroplasia developed at about −4 SDS (data not shown) and adult foot was about 20% shorter than in the general population.
Note that data analysis was limited to measurements after 3 years of age, which is why the role of initial postnatal growth could not be evaluated for this variable.
| DISCUSSION
Body proportions and the relation between extremities and trunk normally undergo drastic changes between birth and adulthood. Crownrump length constitutes, for instance, 69% of total length at birth but only 60% at 2 and 54% at 7 years of age (Fredriks et al., 2005) . This sitting height/height ratio remains rather constant during prepubertal ages but increases somewhat during puberty due to growth spurt of the spine. Also arm span is proportionally short at birth but increases rapidly postnatally. From early school ages, arm span is normally comparable to height; with males having a couple of centimeters extra over height at adult ages. (Dangour et al., 2002) ; Dutch reference, NL '97 (dotted) (Fredriks et al., 2005) ) showing that leg length developed at a decreased rate in achondroplasia and that it was difficult to model a pubertal growth spurt of the legs. (d) Leg length in achondroplasia expressed as SDS relative to UK reference (dashed, UK (Dangour et al., 2002) ) and Dutch (dotted, NL '97 (Fredriks et al., 2005) ) quantified the extreme development of the legs in achondroplasia. Leg length position was already −7.0 at 2 years of age and lost roughly 2 additional SDS until adult ages [Color figure can be viewed at wileyonlinelibrary.com] Leg growth is like arm growth differentially regulated from that of trunk by normally showing a major "catch up" postnatally. Generally, leg growth is considered to be sensitive to environmental conditions (Bogin & Varela-Silva, 2010) . Secular trends in height are therefore to major extent dependent on leg growth then also causing changing body proportions (Bogin & Varela-Silva, 2010; Tanner, Hayashi, Preece, & Cameron, 1982) . Longer legs are also more common in black population despite shorter sitting height and shorter standing height than white peers, suggesting genetic differences between ethnic groups (Frisancho, 1990) . Similarly, decreased metabolic health like type 2 diabetes and cardiovascular risk factors within a population influences leg growth negatively causing higher relative sitting height ( (Johnston et al., 2013; Liu et al., 2014; Mueller & Pereira, 2015) , for review see (Bogin & Varela-Silva, 2010) ).
In achondroplasia, the extreme negative influence on leg growth may preclude any observable environmental influence. Thus, a secular trend in body proportion would not be present. The negative influence from the constitutionally activated but ligand dependent FGFR3 (Gerver & de Bruin, 2011) and United States, dotted (Engelbach, 1932) ). Note that in this scatter plot, an individual might contribute with several measurements per given age group, in contrast to reference construction and all other data analysis. (d) Proportion of children with arm span-height difference of respectively 0-5 cm, 5-10 cm, 10-15 cm and above 15 cm at selected ages. Note that in the general population although height (trunk) and arm span grow at different pace, the difference between these variables seemed to fluctuate rather constant between ±5 cm as seen in (c).
(e) Development of arm span and leg length expressed as SDS relative to general population (arm span: Dutch reference (NL, line) (Gerver & de Bruin, 2011) ; leg length: British (UK, dashed (Dangour et al., 2002) ) and Dutch (NL '97, dotted) reference (Fredriks et al., 2005) ). (f ) Arm span and leg length development expressed as annual increments in centimeter. Note different scales on the two y-axes. Both variables showed similar pattern and thus pace of growth for arm span and leg length [Color figure can be viewed at wileyonlinelibrary.com] Arm span-height deficit is shown based on individual achondroplasia measurements and also based on differences of reference means to make comparisons to the general population (NL (Gerver & de Bruin, 2011) ). While arm span-height difference remained relatively constant from early school ages in the general population, it increased with age in achondroplasia. (Makrythanasis et al., 2014; Toydemir et al., 2006) . Typical for CATSHL syndrome is decreased head circumference and tall stature including spine growth and leg length as well as increased arm span (Makrythanasis et al., 2014; Toydemir et al., 2006 )-a phenotype that is the opposite to that of achondroplasia.
| Only mildly affected sitting height
Sitting height develops in the lower normal range, as previously observed by others (e.g., Horton et al., 1978; Nehme et al., 1976; Wynne-Davies et al., 1981) . During childhood, it is not uncommon to have a sitting height above the general population mean, which creates a psychosocial advantage in sitting height position compared to standing height. To what extent increasing lumbar lordosis contributes to a lower proportion of individuals with normal sitting height at older ages is unclear. It might also be possible that increased head size contributes somewhat to the initially better sitting height SDS.
The peak of annual sitting height increments in boys with achondroplasia seems somewhat later and less pronounced than in the general population, which might be due to limited longitudinal data during these ages rather than having a biologic background. Girls were generally easier to motivate to contribute with measurements, which might explain that the female annual increment curve follows the normal pattern better. Normal pubertal timing and development has been observed in Argentinian children with achondroplasia (Mariana del Pino, personal communication 2017), which is consistent with our clinical experiences.
| Half leg length compared to that in the general population
A pubertal growth spurt in leg length could not be modeled for neither boys nor girls. This could be due to a limited sample size but also possibly due to increasing varus deformity in many cases making it difficult to detect any pubertal growth spurt on population level. Genu varum development may be a result of knee joint laxity together with uneven affection of tibia versus fibula with overgrowth of distal fibula (Stanley, McLoughlin, & Beals, 2002 ) that has been suggested to cause varus development of tibia (Lee et al., 2007) . Nehme et al. (1976) reported that femur was more affected than tibia (i.e., rhizomelic shortness); femoral length developed at around −9 SDS during prepubertal ages compared to tibial length at −7 SDS. However, rhizomelic shortness in legs was not confirmed by Shelmerdine, Brittain, Arthurs, and Calder (2016) , as the ratio of tibial/femoral length in the achondroplasia group did not differ from normal age-matched control group.
Rhizomelic shortness of arms was confirmed in this cohort, which, however, was limited to infants and did not follow limb development with age.
| Extensive arm span restriction already during first years of life
An adult with achondroplasia has about 35/37% less range of motion than the male/female of the general population despite similar trunk length (evaluated as sitting height). This also creates a profoundly diminished reach of arms or "personal area" for accessing the near environment and severely restricts the possibility to take care of daily tasks, such as managing personal hygiene or dressing (Balci et al., 2015; Ireland et al., 2011) . Adult arm span in this cohort is similar to that in an earlier report; in males 124 ± 6 cm and in females 115 ± 9 cm (read from illustrations in (Wynne-Davies, Hall, & Apley, 1985) ).
Inability of full elbow extension is typical in achondroplasia, (e.g., Bailey, 1971; Wynne-Davies et al., 1985) , although not necessarily bilateral symmetrical (Bailey, 1971) . Bailey (1971) 
| Growth of arm span in relation to height
Arm span in the general population approximately equals height from early school ages and may therefore be used as substitute for height measurements. In achondroplasia, on the other hand, arm span-height difference increases with age. It could be argued that an increasing inability to fully extend arms contributes to the increasing difference.
Information regarding arm span in other skeletal dysplasias is limited in the literature but interesting for comparison. For instance, in LeriWeill dyschondrosteosis (LWD), the arms are only mildly affected and may still reach to trochanters (Hagenäs, 2007) . Ross et al. (2005) find arm span-height deficit in LWD to be −5.0 ± 3.3 cm and −5.2 ± 2.7 cm in prepubertal boys and girls, respectively.
| Growth of arm span versus growth of legs
From the embryonic perspective upper limb is developing somewhat earlier than lower limb and may therefore be differentially affected by FGFR3-signaling in terms of subsequent growth potential. As already mentioned, at least in early infancy, rhizomelic shortening may not be found in lower but in upper limbs (Shelmerdine et al., 2016) . Comparing arm span and leg length development to the general population, arm span in adults with achondroplasia is reduced by about 35% while leg length is almost 50% shorter. Expressed in SDS, a major loss in leg length occurs before 2 years of age while loss in arm span occurs at a slower rate during the first 6 years of age. Note, however, that the shoulder breadth (biacromial width) constitutes a higher proportion of arm span during first years of life which should contribute to less affected arm span. Figure 6 . For clinical use, it might therefore be easier and better understandable to use fixed SDdistances in describing grossly deviant relative sitting height.
| A note on foot length
It is clear that feet are less affected than limbs. However, this foot length reference was obtained from a rather small sample but seems to be the first documentation on foot growth in achondroplasia. Similarly, hands are observably short but documentation in the literature is missing. To understand the role of FGFR3 in hand and foot growth, it is important that anthropometric measurements also cover feet and hands. It is interesting to note that foot length in the general population is similar in published (Caucasian) references and show less differences than for height (Anderson, Blais, & Green, 1956; Flügel, Greil, & Sommer, 1986; Gerver & de Bruin, 2011) .
| Overlapping phenotype to hypochondroplasia and other limitations of this study
Diagnosis was made by genetic and/or clinical/radiological investigation considering that the features of achondroplasia are distinctive (Baujat, Legeai-Mallet, Finidori, Cormier-Daire, & Le Merrer, 2008) . It can therefore not be excluded that this cohort contains also a few cases of hypochondroplasia with a severe phenotype (e.g. as described in Heuertz et al., 2006; Xue et al., 2014) . Variability in this sample was, however, generally rather low despite small sample size.
Especially for modeling body proportions during adolescent ages, more measurements had been advantageous and preferred. Likewise, following growth of body proportions during initial postnatal and infancy period had been insightful considering that the majority of height position is lost during these ages.
Also expressing body proportions in achondroplasia relative to the general population is not too easy or robust. Firstly, there is only one reference (from the Netherlands (Gerver & de Bruin, 2011) ) that covers all corresponding anthropometric variables. Yet, the development of some variables for age deviates from the pattern in other national references. SDS-calculations of the present study were therefore mainly based on or complemented by more known national references (i.e., (Dangour et al., 2002; Fredriks et al., 2005) ). Secondly, 
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FIGURE 6
Extremes of relative sitting height SDS: Since body disproportion is substantial in achondroplasia, calculating the exact relative sitting height SDS is heavily dependent on background reference and whether a fixed SD or LMS-approach is used. (a) Relative sitting height SDS for age in boys (blue) and girls (red) with achondroplasia using LMS-approach or using multiple SD where SD is defined as distance between mean and +1 SDS (line) as well as average of ±2 range (dotted). (b) Extreme (+10, +15, and +20) SDS-positions in the general population (Fredriks et al., 2005) and achondroplasia mean (girls); the distance between +10 and +20 SDS is small in relative size considering that this area covers 10 SDSpositions [Color figure can be viewed at wileyonlinelibrary.com]
